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Abstract
We introduce a symmetric hybrid ring design for
the storage ring proton EDM experiment, and ana-
lyze its crucial systematics. Spin-based alignment is
introduced in order to provide a tool for precision
alignment of electric bending plates. Overall, we find
that the main systematic errors are relaxed by several
orders of magnitude.
1 Introduction
The storage ring EDM method targets EDM sensi-
tivity below 10−29e·cm. We claim that this sensitivity
is achievable with existing technology due to signif-
icantly relaxed alignment requirements. This paper
aims to address most prominent systematic errors from
the initial discussion of the storage ring proton EDM
experiment [1] and the follow-up hybrid ring variant
of the same ring [2]. Hybrid-ring variant has been a
major upgrade over the original all-electric variant.
This work focuses on the symmetric modification of
the hybrid ring which relaxes alignment requirements
by a few orders of magnitude. All the improvements
achieved by the hybrid variant are preserved here.
Here, we will focus on the most important system-
atic issues and methods of their remediation. The
systematic issues to be covered in this text are:
1. Vertical velocity in the bending sections
2. Dipole vertical E-field
3. Geometrical phase
The ring geometry will be discussed thoroughly first,
followed by detailed analysis of each systematic is-
sue. Interpretation and relevant analysis will be given
accordingly when necessary.
2 Methods
2.1 Ring Geometrical Structure
The 800m Symmetric ring was designed to maximize
electrical bending sections. To do so, we had decided
to put 600m of bending sections and 200m of straight
sections. The Symmetric ring is composed of:
1. Electrical Bending Section. The bending sec-
tion is composed of 1 deflector with an arc
length of 360◦/48 = 7.5◦ and a bending radius
of R0 = 95.49 m. Each deflector is 12.5 m long.
Electrical bending sections comprise 600m in ring
circumference.
2. Magnetic Quadrupole Section. Each quadrupole
is 40 cm in length, padded with 1.88 m empty
sections. The strength of the quadrupoles is k =
±0.2 T/m so that the ring is below transition.
The slip factor as a function of quad strength
could be found in Figure 3
To make a FODO cell, we take section 1, put a Fo-
cusing section 2, follow with another section 1, finish
it with Defocusing section 2. A single FODO is illus-
trated on Figure 1. The entire ring is made up with 24
FODO sections, making up to 800 m in circumference.
The beta functions are given in Figure 4
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2.2 Polarity switch and Counter-
rotating beams
We define the polarity switch to be the act of switch-
ing the direction of the currents in the (de)focusing
sections. Focusing sections being current driven mag-
netic quadrupoles, the act of reversing polarity would
make a focusing quad to be defocusing. Equivalently,
we shift the phase of the beta functions for both
clockwise (CW) and counter-clockwise (CCW) beams.
This technique improves the sensitivity and cancels
some important systematic errors. Illustration of the
CCW-CW injections is shown in Figure 2
Radial polarization indicates that the initial spin
direction of the beam is directed radially outwards
both in clockwise (CW) and counter-clockwise (CCW)
directions. That is, spins begin pointing away from
the center of the ring for both CW and CCW beam
directions.
Longitudinal polarization means that the initial
spins are aligned with the momentum. Hence, CCW
and CW have their spins pointing onto one another.
Different polarization directions are differently sensi-
tive to systematics; hence, having bunches polarized
differently would give us another leverage to combat
systematic issues.
2.3 High precision tracking
Runge-Kutta family integrator (5th order, adaptive
step size [3]) was used in order to perform simulations
throughout this work. Both beam and spin dynamics
are fully tracked numerically.
d~β
TDD
=
e
mγc
[
~E + c~β × ~B − β(~β · ~E)
]
(1)
Spin is tracked via BMT equation [4],
(2)
d~S
dt
=
e
m
~S ×
[(
a+
1
γ
)
~B − aγ
γ + 1
~β(~β · ~B)
−
(
a+
1
γ + 1
) ~β × ~E
c
]
No matrix approximations were used in order to keep
up with precision requirements. An energy benchmark
for the reference particle at magic momentum is given
in Figure 5.
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Figure 1: Schematic view of a single FODO
cell. Legend: F–Focusing quadrupole, D–Defocusing
quadrupole, S–Straight section, E–Electric bending
section.
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Figure 2: Schematic top view of the symmetric ring.
Both CW and CCW beams have longitudinally, radi-
ally, and vertically polarized bunches. Blue and red
correspond to focusing and defocusing quads. Nat-
urally, CW and CCW beams see opposite focusing
effect from magnetic quads. The actual number of
FODO sections is 24.
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Figure 3: The slip factor η is obtained from evaluating
dt
t = η
dp
p per turn via numerical tracking.
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Figure 4: Beta functions along the ring. The results
were obtained via numerical tracking.
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Figure 5: Relative energy conservation for a refer-
ence reference particle. The relative particle energy
∆E/E is conserved to up to the floating point preci-
sion 1× 10−15.
3 Systematic Errors
3.1 Vertical Velocity
Vertical velocity systematic originates from the(
~β × ~E
)
s
= βy × Ex
term in the BMT equation Equation (2) (x, y, s refer
to FS coordinate system, with x pointing out of the
ring center, y pointing vertically, s pointing in the
direction of the motion). Naturally, only Sx radial
polarization is sensitive to this term. However, this
effect is still crucial in the longitudinal polarization.
Any longitudinal polarized beam would exhibit some
oscillations in the plane of the ring projecting little
of the spin radially. Little oscillating radial spin com-
ponent could cause a trouble even if the oscillation
amplitude is only 1/1000 of the total spin.
The simplest condition in which this systematic
manifests itself is quad misalignment. One quad mis-
aligned vertically by a 1 µm is enough of a condition to
cause a false EDM signal. Single vertically misaligned
quad produces an imbalance in vertical velocities of
the particle: average vertical velocity in bending sec-
tions is no longer zero. The average vertical velocity
over the entire ring is exactly zero by definition; how-
ever, it could be non-zero if averaged over bending
sections only (Ex field regions). As the other half of
the velocity is compensated in the quads. Formally,
〈βy〉straight + 〈βy〉bending ≡ 0
This systematic has been especially prominent in
the original 4-fold symmetric hybrid ring design [2]
(Figure 6), where misaligned quads are not equivalent
(symmetric) and this effect is even more pronounced.
To illustrate this at hand, let us vertically misalign
one quad at a time by 1 µm. Vertical spin precession
rate as a function of index of the misaligned quad is
given in Figure 7. This tells us that only the quads at
the very symmetrical locations in the 4-fold symmetric
ring are insensitive to corresponding misalignments.
This has lead us to the idea to make all the quads
maximally symmetric with respect to each other.
Hence, the idea to make the symmetric ring was born
(Figure 2). The vertical velocity systematic manifests
itself few orders of magnitude less in the symmetric
design Figure 8. As it is seen from the figure, vast
improvement in the background vertical precession
rate can achieved by placing the quads symmetrically
with respect to each other.
3
Figure 6: 4-fold symmetric ring design, presence of the
long straight sections reduce the number of symmetric
points (adapted from [1])
3.2 Dipole E-field
Dipole E-field systematic originates from the(
~β × ~E
)
x
= βs × Ey
term in Equation (2). Non-zero Ey could arise due
to some tilt in the deflector plates. This creates an
EDM-like signal for one of the counter rotating beams.
However, a true EDM-signal would cause the vertical
spin precession in opposite directions for CW and
CCW beams. Hence, having CW and CCW beams is
critical to combat this systematic, as dipole E-field
creates opposite to true EDM signal for each direction.
Therefore, taking difference of the precession rates
for CW and CCW beams gives us true EDM signal.
Formally,(
dSy
dt
)
EDM
=
1
2
(
dSy
dt
)
CW
− 1
2
(
dSy
dt
)
CCW
Dipole E-field creates discernible from EDM signal
with CW and CCW beams.
Dipole E-field can happen due to some tilt in the
bending plates. Let us assume a normal distribution
of tilts with σ = 0.1 mrad. Now, each bending section
being randomly tilted, it creates a net non-zero dipole
E-field in the ring. This creates some precession in
CW and CCW beams Figure 9.
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Figure 7: Vertical spin precession rate vs. index of the
1 µm misaligned quad along the azimuth. The original
4-fold symmetric ring design is used (Figure 6 [1]).
Dips of the graph correspond 1’30”, 4’30”, 7’30”, 10’30”
o’clock, and points in between shown in Figure 6.
Irregularities of the points at low rates are due to the
inability to determine the exact precession rate from
simulation results. Hence, the points only show upper
limit of the possible vertical precession rate, actual
rates could be lower. The orange line corresponds to
the target EDM sensitivity
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Figure 8: Vertical spin precession rate vs. index of the
1 µm misaligned quad along the azimuth. Irregulari-
ties of the points are due to the inability to determine
the exact precession rate from the simulation results.
Hence, the points only show upper limit of the pos-
sible vertical precession rate, actual rates could be
lower. The orange line corresponds to the target EDM
sensitivity
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Figure 9: Vertical spin component vs. time. Opposite
directions (CW and CCW) precess in the same direc-
tion (lab frame). EDM signal could be discerned by
looking at the difference of the precessions.
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Figure 10: Vertical spin component vs. time. Op-
posite directions (CW and CCW) stop precessing if
compensating trim field is setup at any position in
the ring.
We can compensate for this precession by applying
opposite trimming dipole field until no visible preces-
sion is seen in both directions Figure 10. This trim
field could be applied anywhere in the ring as long as
it averages out the net E field to zero.
3.3 Geometrical Phase — Quadrupole
Sections
Geometrical phase effect [5–7] is an extra phase
obtained due to non-commutativity of the successive
rotations in the context of the storage ring EDM ex-
periment. Its signature is the square dependence of
the precession rate against rotation amplitudes. A
typical way to create a background vertical precession
rate is to randomly misalign quadrupoles both hori-
zontally and vertically. Then, the vertical precession
rate should follow these misalignments as the product
of their amplitudes.
In order to observe the effect we may proceed by
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Figure 11: Vertical spin precession rate vs σ
quadrupole misalignments. σ = 1 µm is found to
be an optimal value for the alignment requirements,
as the points only represent upper limit of the possible
precession rate. Additional cancellation is achieved by
incorporating polarity switches with CW and CCW
beams.
randomly misaligning all magnetic quadrupoles by
σ (both x, y) and keep increasing σ while observing
the growth of the vertical precession rate. We place
a single CW beam in longitudinal polarization and
observe its spin precession rate against σ. We find
that (Figure 11) in order for the true EDM signal to
be above the background we require around σ = 1 µm
for quadrupole positioning because some additional
cancellation is achieved by incorporating both CW
and CW beams with opposite quadrupole polarities.
3.4 Geometrical Phase — Bending
Sections
Geometrical Phase due to misalignment of the bend-
ing sections has same underlying principles but orig-
inates due to electric field. Radially polarized Sx
beams happen to be the most sensitive to this. Nat-
urally, longitudinal polarization will also be affected
indirectly through some non-zero radial spin compo-
nent. Assuming the ring to be aligned mechanically
to 0.1 mm and 0.1 mrad we will create the worst case
resonance by radially misaligning and tilting some of
the deflectors as shown in Figure 12. This creates
huge precession rates in both CW and CCW beams
and opposite quad polarities Figure 13.
This is a major systematic effect that manifests
itself prominently in radial polarization direction. Re-
mediation to this systematic is to use radially polar-
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Figure 12: Deflectors are radially misaligned and tilted
to create a N=2 spin resonance.
ized beams to reduce the misalignments in the bending
plates. Vertical precession rates in radially polarized
beams will be used as a feedback for the alignment of
the bending sections. Hence, the alignment using spin
precession is coined as “Spin-based alignment” in this
discussion.
Radial polarization direction should be used for this
particular case where it is few orders of magnitude
more sensitive to geometrical phase originating from
bending plates. By using Spin-based alignment using
radial spin components and by observing the devia-
tion from its ideal position (Figures 15 and 16), we ex-
pect the bending plates to be aligned to 0.01 mm and
0.01 mrad which is sufficient enough as the geometri-
cal phase effect scales as the product of misalignments.
By achieving this level of alignment, background spin
precession rate drops to dSy/dt ≈ 95 µrad/s in radial
polarization case. This is well enough as longitudinal
polarization is few orders of magnitude less sensitive
to this effect.
In general, Spin-based alignment is not restricted
to having a radial polarization direction as a feedback
system for leveling the ring elements. Other systemat-
ics or ring alignment issues could be addressed using
radial, longitudinal or vertical spin directions.
4 Conclusions
Most of the important systematic issues in proton
storage ring EDM experiment are covered. This pa-
per has introduced novel methods of improving the
sensitivity of the experiment such as, symmetric ring
design and Spin-based alignment. The storage ring
proton EDM experiment aims to measure the dipole
moment to 10−29e·cm with proposed improvements
to the experimental technique.
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Figure 13: Vertical spin component vs. time in radi-
ally polarized beams for misalignment of deflectors
at 0.1 mm and 0.1 mrad. Numbers 1,2 correspond
to quad polarities. Signals from opposite directions
(CW-CCW) should be subtracted and signals from
opposite quad polarities 1,2 should be added to isolate
true EDM signal. The background spin precession
rate is not canceled with opposite quad polarities or
CW - CCW beams.
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Figure 14: Vertical spin component vs. time in radi-
ally polarized beams for misalignment of deflectors
at 0.01 mm and 0.01 mrad. Numbers 1,2 correspond
to quad polarities. Signals from opposite directions
(CW-CCW) should be subtracted and signals from
opposite quad polarities 1,2 should be added to isolate
true EDM signal. The background spin precession
rate is not canceled with opposite quad polarities or
CW - CCW beams.
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Figure 15: Vertical positions of CW and CCW beams
vs. azimuthal position in the storage ring. Deflectors
are misaligned as in Figure 12 with the amplitude of
0.1 mm,mrad
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Figure 16: Vertical positions of CW and CCW beams
vs. azimuthal position in the storage ring. Deflectors
are misaligned as in Figure 12 with the amplitude of
0.01 mm,mrad
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